Abstract In this work, complex corrosion products on a superheater tube exposed to biomass firing were characterized by the complementary use of energy-dispersive synchrotron diffraction, electron microscopy, and energydispersive X-ray spectroscopy. Non-destructive synchrotron diffraction in transmission geometry measuring with a small gauge volume from the sample surface through the corrosion product allowed depth-resolved phase identification and revealed the presence of (Fe,Cr) 2 O 3 and FeCr 2 O 4 . This was supplemented by microstructural and elemental analysis correlating the additional presence of a Ni-rich austenite phase to selective removal of Fe and Cr from the alloy, via a KCl-induced corrosion mechanism. Compositional variations were related to diffraction results and revealed a qualitative influence of the spinel cation concentration on the observed diffraction lines.
Introduction
Although combustion of biomass provides a 'CO 2 neutral' means of energy generation, this fuel gives operational challenges during combustion in power plants [1] [2] [3] . The high alkali chloride content in biomass causes fast corrosion of superheaters due to the formation of corrosive deposits (rich in KCl) as well as the presence of corrosive species in the flue gas (HCl, SO 2 , etc.) [4] [5] [6] [7] . In particular, operation at lower steam temperatures (*540°C) to control the rate of corrosion limits the electrical efficiency of biomass-fired power plants [8] . The development of corrosion resistant alloys and coatings relies on detailed understanding of the underlying corrosion mechanisms. For corrosion under biomass firing (i.e., alkali chloride containing) conditions, a comprehensive characterization of corrosion products is among the prerequisites for understanding the associated high-temperature corrosion mechanisms.
Corrosion products resulting from exposure to alkali chlorides in power plants are often heterogeneous and may be up to several hundreds of micrometers thick. Thus, the use of conventional characterization techniques is not straightforward. In addition, the solubility of some of the corrosion products in water-based lubricants raises challenges during sample preparation prior to characterization. Laboratory exposures studying the influence of specific parameters on corrosion of samples with simplified geometries have successfully used advanced characterization techniques (for example, transmission electron microscopy [9] , auger electron spectroscopy [10] , chronoamperometry [11] ) to characterize corrosion products or monitor their formation in situ [12] . Such advanced techniques are difficult to use for plant-exposed samples not only because of the complex morphology of corrosion products originating from real plant exposure but also due to challenging sample geometries.
Some studies have attempted to characterize the corrosion products on plant-exposed test superheaters or probes [8, [13] [14] [15] [16] [17] [18] . In these studies, the complex morphology of corrosion products restricted the characterization to light optical and scanning electron microscopy as well as energy-dispersive X-ray spectroscopy, mostly carried out on cross sections of samples. Although X-ray diffraction strongly supplements microscopy and elemental analysis, only few studies have attempted to identify the crystalline corrosion product phases on real superheater tubes by this technique. The low penetration depth (several micrometers only) of the employed conventional X-ray sources in such studies limited the analysis to the very near surface region of the corrosion products thereby detecting mostly KCl and K 2 SO 4 [13, 14] and prevented detailed phase analysis of the fairly thick corrosion products.
It has recently been demonstrated by some of the present authors that complex corrosion products resulting from laboratory exposure mimicking that in biomassfired power plants can be comprehensively characterized by the complementary use of scanning electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffraction with conventional X-ray sources in combination with successive layer removal [19] . Though timeconsuming, the reported top-down plan view method revealed results that aided understanding of the depositgas interactions as well as the role of chlorination and sulfidation as corrosion mechanisms. Aiming for a methodology for comprehensive characterization of corrosion products on real superheater tubes exposed to biomass firing in power plants, the present work demonstrates the capability of using energy-dispersive synchrotron diffraction in transmission geometry for non-destructive depth profiling of complex and bulky corrosion products on a plant-exposed superheater tube. The results were complemented with scanning electron microscopy and energy-dispersive X-ray spectroscopy and contribute to understanding of the corrosion mechanisms on samples obtained from a biomass firing power plant.
Experimental
The investigated sample originated from a superheater loop in a biomass suspension fired 350 MW th boiler (Amager Power Station, Unit 1) located in Denmark. The superheater had been operated for 30,534 h. During this period, the outlet steam temperature was approx. 540°C and the fuel used was straw and wood pellets. The superheater has an outer diameter of 38 mm and a wall thickness of 6.3 mm. It consists of austenitic stainless steel TP 347H in a fine-grained version (FG), which is one of the commercially applied materials. The chemical composition is given in Table 1. A ring of the exposed superheater was cut with a saw from longer tube sections under dry conditions. This was then 'cold-embedded' in epoxy under vacuum to avoid spallation of corrosion product layers during experimental investigations and sample handling. By means of grinding under water-free conditions (using absolute ethanol, 99.9%, as lubricant) to reduce removal of water-soluble phases of the corrosion products, the thickness of the embedded ring was reduced to 3 mm.
Depth profiling of the corrosion products by diffraction applying synchrotron radiation was carried out at the energy-dispersive diffraction (EDDI) materials science beamline at the Berlin synchrotron storage ring (BESSY II). The sample investigated was a 3-mm-thick ring obtained from the exposed superheater tube as previously described.
Unlike the angle-dispersive diffraction mode, the energy-dispersive diffraction is carried out at a fixed diffraction angle and generates a multitude of diffraction lines during one measurement at fixed diffraction angle [21] . For the present study, the diffraction angle was set to 2h ¼ 6
. A snapshot of the diffractometer setup applied for depth profiling is shown in Fig. 1a and schematically illustrated in Fig. 1b . The highly brilliant and high-intensity synchrotron radiation enables measurements in transmission geometry through the 3-mm-thick sample of the present study, and it further allows the use of small gauge volumes, resulting in good spatial resolution [22] . The gauge volume was defined by additional narrow slit systems in the primary and secondary beam paths as shown in Fig. 1b (for details, see [21, [23] [24] [25] ). The dimensions of these slits in the axial and equatorial direction were 10 and 300 lm, respectively.
Unique depth resolution was achieved by defined ztranslations of the sample relative to the gauge volume in step sizes of 4 lm. As the gauge volume height of 10 lm is larger than each single sample displacement, successively recorded energy-dispersive diffraction spectra partly cover the same sample regions. As a result, each measurement was assigned its corresponding depth as the sliding average over the 4 lm of sample displacement. At each sample position z, energy-dispersive diffraction spectra covering the range of up to 120 keV were measured with an acquisition time of 150 s per displacement step, thus, per spectra recorded at a specific depth. Subsequent analysis considered diffraction lines between 20 and 85 keV which covers the most efficient photon flux in energy-dispersive experiments at EDDI [21] . Starting at the surface (defined by the first diffraction signal from the sample), depth-resolved measurements were carried out through the entire corrosion product until the original bulk alloy was reached. This measurement procedure was applied on two locations along the sample ring (tube): on the windward side (so-called position 12 o'clock) of the tube and on a position located 270°from the windward side (position 9 o'clock). These positions are schematically illustrated in Fig. 2 .
With the aforementioned procedure for non-destructive depth-resolved energy-dispersive synchrotron diffraction analysis of the corrosion product on different locations of the superheater tube, hundreds of diffraction spectra were measured subsequently as a function of depth. The recorded spectra were evaluated using an analysis procedure programmed in MATLAB and provided by the EDDI beamline scientists. Prior to peak profile fitting, the measured diffraction profiles were corrected for instrumental effects, which implied corrections of the Wiggler spectrum, dead time correction, and intensity corrections according to slight changes of the ring current during the measurements. Absorption correction was applied for Fe as the main absorbing component, whereas an absorption correction for each individual phase was not applied due to obvious changes of the phase fractions within the corrosion product. The measurement of a reference sample consisting of Au powder revealed an excellent alignment status of the diffractometer; thus, no additional instrumental correction of the diffraction line positions was necessary.
The background was subtracted by manual assignment of the background positions for each diffraction line in the spectra. Diffraction peaks were fitted using a pseudo-Voigt profile function, which provided the position E hkl of all diffraction lines hkl in the various spectra. The respective lattice planar spacings d hkl were calculated according to:
(h is the Planck's constant, c is the speed of light, and h corresponds to half of the applied constant diffraction angle) [26] , which allowed qualitative phase analysis throughout the corrosion product. In addition to depth profiling by means of energy-dispersive synchrotron diffraction, scanning electron microscopy (SEM) analysis was carried out on the same positions along the superheater circumference where depth profiling by diffraction was done. Gamma ray irradiation indicator labels were used to keep track of the positions where depth profiling was undertaken, and at exactly these positions on the sample's cross section, the microstructure of corrosion products was investigated with a backscatter electron detector in a SEM using an acceleration voltage of 15 keV. Prior to SEM investigations, the sample was coated with carbon.
An energy-dispersive X-ray spectrometer attached to the SEM was used for chemical analysis of the corrosion products. Energy-dispersive X-ray spectroscopy (EDS) analysis was carried out with an acceleration voltage of 15 keV. The elemental re-quantification involved division of investigated cross sections into 10-lm-thick meshes along the direction parallel to the surface of the corrosion product (the y-coordinate), as shown in Fig. 3 . The length of these meshes corresponds to the full length of the investigated micrograph, which amounts to several hundreds of micrometers. At 10-lm equidistant positions (i) along the direction perpendicular to the surface of the corrosion product (the z-coordinate), the average concentration of an element, C z i , is re-quantified from the corresponding strip of the mesh. C z i is plotted as a function of distance along the z-coordinate to obtain a reliable onedimensional profile of the concentration of various elements averaged over several hundreds of micrometers compared to the conventional EDS line scan and point measurement procedures, which represent local snapshots not being representative for samples with inhomogeneous elemental distribution [27] .
Results
The crystalline phases present at different depths of the sample were revealed from subsequent diffraction measurements with controlled displacement (step size = 4 lm) of the sample in z-direction. The evolution of these phases as a function of depth on the windward side (position 12 o'clock) is represented by the contour plot in Fig. 4 . At the near surface regions (\150 lm), detected corrosion product phases comprise of (Fe,Cr) 2 Figure 4 shows that two competing austenite phases are present at different depths. Diffraction lines corresponding to a Ni-rich austenite phase (designated as c Ni ) were observed deeper in the corrosion product (from about 150 lm). These diffraction lines disappear with the emergence of diffraction lines from the austenitic stainless steel bulk (designated as c) which then extends into the bulk of the alloy.
In Fig. 5 , changes in peak positions (in the energy scale) as a function of depth are revealed for the identified phases. The near surface region, the middle of the corrosion product, and the bulk alloy are denoted as regions I, II, and III, respectively. A slight increase in the diffraction line position (DE * 0.1 keV) with depth was observed for the corundum diffraction lines, in the near surface region where this phase was dominant. This is shown on the example of (M 2 O 3 ) 012 in Fig. 5a . Diffraction lines of the spinel phase shift to lower energy values with increasing depth (indicated as S1 in Fig. 5b and also visible in Fig. 5c ). As the gauge volume was scanned from the middle of the corrosion product into the bulk alloy (from region II to III), it is observed that the (M 3 It is expected that variations in factors such as the deposition rate, flue gas temperature, and superheater configuration may cause differences in the type of Fig. 3 Schematic illustration of the division of a cross section into meshes used for re-quantification of elemental composition from the measured EDS maps corrosion products and the degree of corrosion around the tube circumference. However, results from depth profiling at position 9 o'clock ( Fig. 6a) reveal the presence of the same oxide phases, but with different extension in depth compared with the corrosion products on position 12 o'clock (cf. Figs. 4 and 6 ). At position 9 o'clock, the corundum phase (M 2 O 3 ) was predominant in region I of the corrosion product (\50 lm), while the spinel (M 3 O 4 ) phase was predominant within region II of the corrosion product, and extended into region III, presumably in the form of grain boundary attack. Although distinct diffraction lines corresponding to the Ni-rich austenite phase (c Ni ) were not observed on position 9 o'clock, the phase seems to be present, because it caused large asymmetries in the (c) 111 and (c) 200 diffraction lines due to overlap of diffraction lines for the two different austenite phases (see, for example, Fig. 6b) .
Fitting of the spinel diffraction lines to a pseudo-Voigt function (Fig. 6c) showed that the energy position of intensity maxima of these lines varied with depth and two remarkable steps were observed. These steps are indicated as S1 and S2 in Fig. 6c for both the 311 and 440 diffraction lines of M 3 O 4 . Both diffraction line maxima shift first to lower energy (S1) and thereafter exhibit a shift (S2) to higher energy as the scan proceeds from the middle of the corrosion product toward the bulk alloy.
Backscattered electron (BSE) imaging is excellent for the characterization of corrosion products under complex atmospheres because the contrast originates from differences in atomic number of elements in the corrosion product and, thus, gives a hint on the various phases. This is reflected in the cross-sectional BSE micrographs in Fig. 7 , which show the microstructure of corrosion products on position 12 o'clock of the superheater. Differences between the atomic number of elements included in the corrosion products, and the bulk alloy, are expected to result in contrast differences (Fig. 7a) . In this case, the bulk alloy (c) with a higher atomic number appears brighter compared to the corrosion product, as a result of generation of a higher fraction of backscattered electrons from this region. An approximately 300-lm-thick corrosion product layer extends into the bulk alloy, where selective attack of the alloy grain boundaries is visible. The corrosion product appears to have cracked in a direction parallel to the corrosion product/bulk alloy interface.
Based on the resulting contrast differences in micrographs showing magnified views of the corrosion product (Fig. 7b,  c) , a phase with a higher atomic number is revealed. This appears in the form of islands (in the near surface region, Fig. 7b ) and as porous regions between the middle of the corrosion product and the region of grain boundary attack (Fig. 7c) . This (high atomic weight) phase present in the corrosion product (i.e., the bright islands/regions) refers to the Ni-rich austenite (c Ni ) phase, as was also observed from energy-dispersive synchrotron diffraction (Fig. 4) .
Microscopic investigations also show that the microstructure of corrosion products was qualitatively similar on different locations around the tube. Thus, the same type and morphology of phases were observed, although the overall thickness of the corrosion product appears to be different, which agrees with suggestions based on the diffraction results discussed above. This is illustrated with the corrosion product in Fig. 8 , for position 9 o'clock (i.e., 270°from the windward side), which is similar to that on position 12 o'clock (Fig. 7) . The presence of a phase with a higher atomic number in the corrosion product is visible in the insert in Fig. 8a . Moreover, as was observed on position 12 o'clock (cf. Fig. 7) , the corrosion products on position 9 o'clock also progressed into the bulk alloy through regions that outline the alloy grain boundaries, thus suggesting grain boundary attack. However, a lower thickness (approximately 150 lm) of compact corrosion product is observed on position 9 o'clock, but with a deeper ([500 lm) internal attack along the grain boundaries. Microscopic investigations on position 9 o'clock also revealed the propagation of cracks through the attacked alloy grain boundaries (Fig. 8b ) in addition to severe disintegration within the Ni-rich porous regions. Microstructure information on locations where both depth profiling by diffraction and microscopic investigations were carried out was further supplemented by EDS analysis. Thus, EDS contributed to verification of the conclusions based on diffraction and microscopy and revealed good agreement between the various methods.
The elemental composition of corrosion products observed on position 12 o'clock and 9 o'clock, respectively, is presented in EDS maps in Fig. 9a, b . The maps show that the corrosion products comprised mainly Fe, Cr, and O (i.e., a Fe-Cr-containing oxide). Additionally, local accumulation of S and Cl is observed in the corrosion products (although clear identification of sulfides/sulfates by energy-dispersive diffraction was difficult due to severe overlap with diffraction lines of metal oxides). EDS also indicates that K is present in the corrosion product. Close examination of the Ni and O maps on both positions reveals that Ni was incorporated in the corrosion product in a metallic form, rather than as an oxide. The metal (Ni) is scantly distributed (or absent, Fig. 9b ) in the near surface regions, but becomes abundantly present from the middle of the corrosion product toward the region of grain boundary attack.
Using the elemental re-quantification method as described in the ''Experimental'' section, variations in the (average) elemental concentration in the corrosion products were revealed as a function of depth (Fig. 10a, b) . In particular, the high averaged Ni concentration (*28 wt%) in the middle of the corrosion product (cf. Fig. 10a ) is in good agreement with distinct identification of diffraction lines attributed to the Ni-rich austenite (c Ni ) phase on position 12 o'clock by energy-dispersive diffraction depth profiling (cf. Fig. 4 ). In contrast, on position 9 o'clock ( Fig. 10b) , the measured average Ni concentration is lower (\20 wt%) in the middle of the corrosion product, which explains the observed asymmetry in the c diffraction lines (Fig. 6b) as the lattice spacing for both austenite phases is less different with reduced Ni content and, in addition, a lower phase (Fig. 10) . On position 12 o'clock, the average Fe concentration increases in the near surface region (from 40 to 47 wt%), but gradually decreases to *28 wt% in the middle of the corrosion product before increasing to the bulk alloy value (*62 wt%). In contrast, the average Cr concentration decreases (to *10 wt%) in the near surface region, before a steep increase to *23 wt% in the middle of the corrosion product. Afterward, the Cr concentration drops to *7 wt% in the middle of the corrosion product before increasing to its nominal bulk alloy concentration (*18 wt%). On position 9 o'clock ( Fig. 10b) , the variation in average Fe and Cr concentrations in the near surface region is similar to that observed on position 12 o'clock (cf. Fig. 10a) . However, the variation in average concentration of these elements in the middle of the corrosion product is different from the trend observed on position 12 o'clock. After a decrease to *29 wt%, the average Fe concentration shows a steady increase to *55 wt% before approaching the bulk alloy value (*62 wt%). Concurrently, a steep increase in average Cr concentration from *6 to 24 wt% in the middle of the corrosion product is observed. The Cr concentration is maintained at this value in the middle of the corrosion product before gradually decreasing to the bulk 
Discussion
''Results'' presented in the previous section illustrate the capability of energy-dispersive synchrotron diffraction in the applied transmission geometry with small gauge volume, for depth-resolved characterization of the complex and thick corrosion products observed after high-temperature corrosion of superheaters during biomass firing. Results from depth profiling by diffraction are supplemented with microscopy results by SEM and chemical element analysis by EDS. In the following subsections, these results will be discussed by first suggesting the possible corrosion mechanism and subsequently explaining how this leads to the observed variation in elemental composition within the corrosion products.
The high content of alkali chlorides in deposits formed during combustion of biomass in power plants is chiefly responsible for the severe corrosion attack on superheaters (see, for example [28] , and the references therein). KCl (present in the deposit) can either react: (a) directly with the oxide of the alloying elements, M, according to the reaction:
ð Þor (b) with gaseous species in the flue gas (SO 2 ) in accordance with the reaction: 2KCl
to generate Cl-bearing species (HCl). As the oxide forming element is consumed by reaction with KCl [option (a)], the formation of a protective oxide is suppressed under biomass firing conditions. HCl resulting from either of the above reactions can dissociate to produce Cl [29] which propagates the corrosion attack. Alternatively, direct dissociation of the KCl can serve as a potential source of Cl to propagate the corrosion attack [30] . Propagation primarily involves reaction of Cl (chlorination) with the alloying elements (M s ð Þ þ xCl MCl x s ð Þ). This may proceed by Cl transport through surfaces of cracks and pores in the corrosion product [31] , oxide grain boundaries [30] , or the alloy grain boundaries since they provide faster diffusion pathways. Microscopy results indicate that the corrosion attack predominantly propagated through the alloy grain boundaries (Figs. 7, 8 ) and, as a result, caused the severe grain boundary attack.
The thermodynamic favorability of chlorination [32] influences the selective nature of corrosion attack. Ni-rich islands and porous regions observed by microscopy (Figs. 7, 8) , and high Ni concentrations observed by EDS (Fig. 10 ) are in agreement with thermodynamic stipulations [32] and attributed to selective attack due to the higher driving force for the chlorination of Fe and Cr compared to Ni. In particular, the identification of a Ni-rich austenite phase c
Ni from depth-resolved diffraction (Fig. 4 ) can be explained by the thermodynamics of the chlorination reaction which results in selective attack of Cr and Fe. Similarly, the development of a Ni-rich austenite phase on the same steel due to selective Fe and Cr attack was also observed under controlled laboratory conditions [33] . The variation in the diffraction line positions of c Ni (Fig. 5d ) within the corrosion product hints at a nonlinear dependence of its lattice parameter on the Ni concentration. Nonlinear variation of the lattice parameter with Ni concentration has similarly been observed in fcc Fe-Ni alloys with varying Ni contents [34] .
The fate of metal chlorides formed from the chlorination reaction is dependent on their volatility as well as the oxygen partial pressure (p O 2 ) at locations where they are formed. The interplay between these factors will influence phase partition of oxides in the corrosion products which may be difficult to analyze in bulky corrosion products. Generally, the metal chloride of Fe (FeCl 2 ) exhibits higher partial pressures than that of Cr (CrCl 2 ) within the estimated metal temperatures of the investigated sample (below 600°C) [32] . Similarly, the p O 2 required for conversion of the FeCl 2 to Fe-oxides is higher than that for a similar conversion of CrCl 2 . It therefore follows that the corrosion product will be partitioned into Fe-oxides at the near surface regions and Cr-oxides close to the bulk alloy (i.e., at the corrosion front). However, analysis and comparison of results from depth-resolved diffraction analysis and EDS reveal that oxides of these elements (Fe and Cr) are not clearly partitioned in the corrosion product (cf .  Figs. 4, 5, 10a, b) . Deposit shedding is a common phenomenon occurring naturally or artificially induced in power plants and may cause descaling of the initially formed oxides, thereby exposing the internal oxides to the corrosive atmosphere [35] . This may be responsible for the observed deviation of oxide composition from the ideal segregation into an external Fe-rich and internal Cr-rich oxide.
Alternatively, the possibility of Cr to be incorporated in iron oxide may cause solid solutions of Cr-Fe-O [36, 37] . Interestingly, in accordance with influencing factors stated above, depth profiling by energy-dispersive diffraction (cf. Fig. 4) shows that in the near surface region, the oxide phase was a solid solution of Cr in the iron oxide product. For the corundum phase, an increase in Cr fraction causes a reduction in its lattice parameter [37, 38] and explains the slight shift of corresponding diffraction lines observed in Fig. 5a . However, for the spinel phase, the effect of Cr fraction on the lattice parameter is not straightforward. In the Cr-rich spinel (x = 2 in FeCr xFe 2-x O 4 ), Cr 3? , due to its high octahedral stabilization energy [39] [40] [41] , preferentially occupies octahedral sites, thus preserving a normal spinel structure with Fe 2? ions in tetrahedral sites. In the Fe-rich spinel (x = 0 in FeCr xFe 2-x O 4 ), structurally equivalent positions become occupied by different atoms such that Fe 3? ions are distributed between octahedral and tetrahedral sites resulting in an inversed spinel structure [42, 43] . A deviation from Vegard's law follows this difference in crystal structure and causes a nonlinear variation of the lattice parameter from Fe 3 O 4 to FeCr 2 O 4 ( Fig. 11a) [38] . Proper elemental analysis revealing cation valences would be required to follow this effect [44] , but is beyond the capability of EDS employed in this study. However, to facilitate a qualitative explanation for the shifts in energy position of the spinel diffraction lines (cf. Figs. 5, 6 ), the amount of Cr in the spinel (x) is estimated using the relationship, x ¼ 3k= 1 þ k ð Þ where k ¼ Cr=Fe ð Þin at.% (Fig. 11b, c) . This qualitative estimation (see Appendix for details) reveals that x varies between 0.4 and 1.3 with progression into the middle (\*200 lm) of the corrosion product. Such increase in Cr content in the FeCr x Fe 2-x O 4 system causes an increase in lattice parameter, in accordance with values reported in [38, 45] (Fig. 11a) . Interestingly, this is also in accordance with a shift to lower energies (S1 in Figs. 5b, 6c ) observed for the diffraction lines of the spinel phase, suggesting that a change from purely inverse to a mixture of both inverse and normal spinel occurs when progressing toward the middle of the corrosion product [38] . For x values ranging from *0.6 to *1.5, a mixture of inverse and normal spinel is favoured [38, 45] ; hence, the subsequent variation in x observed deeper in the corrosion product should not provoke significant changes in the energy position of the spinel diffraction lines. However, a further shift to higher energies (S2 in Fig. 6d ) observed for the spinel diffraction lines in position 9 o'clock possibly implies that x values approached a value of 2 and indicates a change from mixed spinel to the normal Cr-rich spinel (FeCr 2 O 4 ). This clearly highlights an under estimation of the amount of Cr in the spinel, at position 9 o'clock, at locations deeper in the corrosion product since the estimation does not take into account some metallic Fe-rich regions present in these locations (Fig. 9b) .
Although the presence of stresses in the corrosion product will contribute to the observed shifts in diffraction line positions, the steep variation in chemical composition revealed by EDS suggests that the shifts are possibly due to chemical gradients in the corrosion products. This effect clearly will complicate any analysis of the stress condition in the corrosion product and was not attempted in the present study.
Conclusions
Corrosion products on a plant-exposed superheater tube were studied with the complementary use of energy-dispersive synchrotron diffraction, SEM, and EDS. The techniques allow for comprehensive characterization of the rather complex corrosion products resulting from biomass firing.
By sample displacement in small steps in the z-direction relative to a constrained gauge volume, depth profiling of corrosion product phases is feasible by means of energydispersive synchrotron diffraction in transmission geometry. This technique reveals the predominant corrosion product phases and in addition captures the possible effect of compositional changes on their crystallographic properties. In particular, the presence of a Ni-rich austenite phase resulting from the selective corrosion attack of Fe and Cr from the bulk alloy was clearly revealed with synchrotron diffraction depth profiling.
Corrosion products that formed on different positions on the superheater tube varied quantitatively (in terms of thickness), but not qualitatively (composition and morphology of phases). The qualitative agreement in the chemical composition, phase formation, and morphology of the corrosion product along the circumference of a superheater tube, is demonstrated in the present study with the example of two locations (12 o'clock and 9 o'clock).
The corrosion product was mainly the Cr x Fe 2-x O 3 corundum phase in the near surface region, while the FeCr x Fe 2-x O 4 spinel phase dominated in larger depth of the corrosion scale. Results from all techniques agreed in revealing the presence of Ni-rich regions within the corrosion product due to KCl-induced selective attack of Fe and Cr from the alloy. Thus, Ni-based materials may offer better corrosion resistance to biomass-induced corrosion.
Observation of severe grain boundary attack was only captured through morphological investigations with SEM, whereas diffraction analysis cannot relate detected phases to their location and local distribution within the measured volume. Therefore, it is suggested that a comprehensive characterization should involve complementary techniques, which should each be applied on the same location, as carried out in the present study.
By further supplementing both diffraction depth profiling and SEM characterization with elemental analysis by EDS, chemical variations within phases in the corrosion product can be revealed. This approach permitted a qualitative analysis of the effect of chemical gradients on the crystal lattice parameter of spinel identified in the corrosion product and thus may be extended for characterization of complex corrosion products in other related environments.
